CS is a machine that provides recycling via separation of nonferrous metals by means of the eddy current effect. It separates copper, aluminum, brass, silver and similar valuable metals from wastes. The most important component of ECS that affects separation performance is magnetic drum. Higher rates of rotation and the multipolarity of the magnetic drum results in greater magnitudes of eddy currents in the metal that will be separated according to Faraday principles. In this case, the separation efficiency increases, while making the separation of smaller sized particles possible [1].
coils, a rotor with permanent magnets, position sensors and driver circuits. The driver circuits assume the role of the brush collector setup of classic brushed DC motors, while the position sensors provide the rotor position data to the controller. Based on position data and the rotation direction, the controller excites the related motor phase.
A B S T R A C T
I n this study, a novel In-Drum Brushless Direct Current (ID-BLDC) motor is proposed to Eddy Current Separator (ECS) which separates nonferrous metals from waste. The ECS's separation efficiency depends on magnetic drum speed. ID-BLDC motor is designed with outer rotor structure and placed in ECS magnetic drum in order to improve separation efficiency. The magnetic drum is directly driven by this motor because it doesn't require coupling mechanisms. It has very simple structure since no
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Figure 1. ECS machine and working principle (BUNTING Magnetics (TM)).
BLDC is placed in a drum with an out runner rotor. In these types of motors, the stator is fixed at the center of the motor and the rotor made of permanent magnets rotates around the stator. It drives the drum directly without a requirement of motion transfer organs. Hence, it has a higher efficiency due to the fact that there is no mechanical transfer loss and that it can work at high rates. The motor requires less space since it is located in the drum in comparison with drums that are driven externally and it is also aesthetically pleasing.
Literature surveys carried out put forth that there are no studies related to the application of BLDC motor in the drum. However, there are several studies about outer rotor BLDC designs. Some of these studies are summarized below:
In outer rotor BLDC motors, the width of the stator slots significantly affect the produced cogging torque. It was observed that BLDC motors designed with wide slots produced higher cogging torque [2] .
The geometric structure and basic parameters (PM angle, PM residual induction, PM relative permeability, PM height, rotor yoke height) of permanent magnets that are present in the outer rotor BLDC motors affect the magnetic flux generated in the air gap. The change in magnetic flux generated for various parameters was analyzed by finite elements method by taking the geometric structure of the permanent magnets and the nonlinear characteristics into account [3] .
The armature flux generated by the current passing through the BLDC motor's stator coils is omitted when the motor runs in an unsaturated area. However, when the motor is run in a saturated area, it is stated that this effect grows, disrupts the air gap flux density thus failing to reach a uniform torque distribution [4] .
The outer rotor BLDC motor drives with permanent magnets were also covered for electrical and hybrid vehicles. The machine topology, driver operations and control strategies were emphasized [5] .
An outer rotor BLDC motor was designed for light traction at low rates using finite elements method (FEM). Rate, phase current, power and torque curves with respect to time were assessed to observe the performance of the designed motor's [6] .
A hybrid permanent magnet hydrodynamic bearing was designed. It works passively and contactless. Various permanent magnet topologies are studied and analyzed by FEM in terms of axial forces and stiffness [7] .
It was studied about a current distribution control on dual direct-driven wheel motors for electric vehicles. The vehicle dynamics and control strategy are modeled and the control performance is simulated numerically [8] .
The application of the VSS (variable structure system) approach to the position control of an AC brushless servo motor is discussed. A DSP (digital signal processor) is used to make the time needed to calculate the control input [9] .
H2 and H∞ controllers were designed for a permanentmagnet synchronous motor drive system without using shaft position sensor, and presents the field-weakening control algorithm of the drive system. [10] .
In this study, a BLCD motor design was proposed for an ECS magnetic drum drive. The motor has an outer rotor and is placed in the drum. This way, the system has a high efficiency, as is the case for direct drive, since there will be no power transfer losses in the drum. This predicted motor design was verified for the predicted system via analytical methods and magnetic analyses were carried out for various loads via finite elements methods. In these analyses, torque, phase currents and rate parameters were calculated for temporary and permanent states, and presented with graphs.
ID_BLDC MOTOR
The ID-BLDC motor is an outer brushless DC motor that is placed in the drum. The stator of this motor is fixed and attached to a fixed shaft. The rotor is coupled to the drum and provides motion. Permanent magnet poles are used in the motor's rotor. The power/volume ratio of the motor is high due to the additional power provided by the magnets. As such, the proposed motor can easily be placed in the drum due to its smaller size. Since the motor has an outer rotor, it provides advantages such as high torque and less noise [11] , due to the increased rotor diameter. The only disadvantage of ID-BLDC motors is difficulty in cooling since it is inside the stator. However, since the motor in ECS works under the constant load, the motor works at nominal current. Therefore, overheating does not occur.
Motor Selection
The weight of the drum (m), inertia moment (J), angular acceleration (α) and motor speed (n) were taken into account in order to determine the predicted motor power. The drum in which the ID-BLDC was placed in is shown in Figure 2a and Figure 2b . The length of the drum ld = 0.3 m, the outer radius R1 = 0.056 m and the inner radius is R2 = 0.046 m. Table 2 shows the model's dimensions, and Figure 3 shows the cross-sectional view of the model.
Electromagnetic Model of ID-BLDC
Core reluctance was omitted as the air gap and the magnetic reluctance are high in BLDC motors, In this case, the air gap reluctance (R g ) and the permanent magnet reluctance (R m ) in the magnetic circuit of an ID-BLDC, as seen in Figure 4 , is calculated using Equation 5 . Where l g is air gap distance and l m is magnet length, S is the effective surface area of stator pole.
The acceleration time it took for the motor to reach the rated speed was taken as 3 seconds. With these data at hand, the volume and specific weight of the drum were initially considered, and the mass (m) of the drum was calculated as approximately 10 kg. To determine the inertial moment, the gyration radius (R0) is calculated using Equation 1:
From this point, the inertial moment is calculated with Equation 2:
The torque required to bring the drum to its rated speed in 3 seconds is calculated with Equation 3:
Using these equations, the moment is calculated as 1.59 Nm. When the 1750 rpm rate is taken into account, the required motor power is found as 291.38 W by using Equation 4 . The nominal power of the motor is proposed as 0.5 HP (373 W) by taking the losses into consideration.
P Tω
The ID-BLDC motor can be controlled with an appropriate BLDC motor driver. 
The total flux ( φ ) in magnetic circuit shown in Figure   4 
The magnetic flux density (B m ) is found by using Equation 9 [13] . Where μ r is the relative permeability and H m is the magnetic field intensity in the magnet. 
Magneto motive force (F) is found by using Equation 11:
Where N is the number of turn. The current (I) passing through the stator coils is derived from Eq.11 and is calculated by Eq.12 [14] . The power (P) is supplied from the network is found by using Equation 13 . The rated voltage applied on the motor is 220 V DC.
Basically torque can be calculated by using Equation (4). The efficiency is output mechanical power (Pm) to input electrical power (Pi) ratio. Electrical and mechanical powers are found Eq.13 and Eq. 4 respectively.
ASSUMPTIONS
The magnetic flux in the core is assumed to be uniform in analytical calculations. The saturation effects were not taken into account and BH characteristic of the core material was assumed to be linear.
The analyses were carried out using ANSYS/Maxwell program which solves equations via 2D finite elements method. M19 material was used as core material. The BH curve of this material is given in Figure 5 . The NdFeB (N35) magnets are allocated on rotor surface. For the motor control, a standard BLDC motor drive was used. In FEA, motor is driven by external circuit. This circuit is taken into consideration, voltages and speed are accepted as constant in steady state.
FINITE ELEMENT ANALYSIS (FEA)
2D transient analyses of proposed motor were carried out with FEA software AnSys Maxwell. For the analysis, the calculations were obtained for no-load, 25%, 50%, fullload, 125%, and overload (150%) conditions. The change in speed with respect to time are shown in Figure 6 , with taking the FEA transient results into account. Figure 6a shows the change in speed with respect to load in transi- Figure 6b shows the average change in speed for steady-state conditions.
As can be seen in Figure 6a , the motor reaches steady state after 60 ms. And as seen in Figure 6a and 6b, as the motor load increases, the decrease in armature voltage and the flux in air gap increases, causing the decrease in motor speed.
For various loads of the ID-BLDC motor, Figure 7a shows the transient torque change, and Figure 7b shows the average electromagnetic torque curves for steady state.
From Figure 7b , it can be seen that the torque increases with increasing load. With increasing current, the flux in the core increases. According to the BH characteristics, saturation in the core begins approximately at 1.5 T. In the saturated zone, the increase magnetic flux in the saturated zone does not increase proportionally with current; therefore the torque does not increase in the similar proportion. It is seen that after full-load, the average torque value increases less when compared to increasing load. The phase currents diagrams are shown in Figure 8 . The phase current for full-load is calculated as 1.88 A in rms. The phase approximately has a sinusoidal profile. It is seen that in the starting, motor phase currents are too much, and it reaches its rated value after 60 ms.
The stator magnetic flux density distribution of ID-BLDC motor at full-load is given in Figure 9 . Table 3 .
CONCLUSION
ECS are commonly used to separate and recycle nonferrous valuable metals such as copper, aluminium from waste. The most important component that affects ECS separation efficiency is the magnetic drum. The drum must be rotated at high speeds in order to separate small metals in form of granules. The losses are great and speed limits occur when the drum is driven via coupling, sprockets or belt-pulleys.
In this study, the BLDC motor has designed with outer (external) rotor and it has placed in the drum and driven directly. It has called ID-BLDC motor. The magnetic drum can reach high speeds with this motor thus making it possible to separate and recover small particles. In addition, the motor will cover less space while being aesthetically appealing since it will be completely in the drum.
The proposed motor has no brushes, bracelets, salient poles and rotor winding. Proposed new ECS drum which driven by ID-BLDC motor has no power transfer mechanisms. Thus it decreases the losses and the required maintenance, and has the motor works quietly. It can be reach high speed.
The motor power selected 0.5 HP (373 W) according to the drum dimensions. Designed ID-BLDC motor's rated values are 220 V, 1.71A, 1750 rpm, 1.70 Nm, %83 efficiency. Electrical and magnetic parameters such as power requirement of drum, magnetic reluctance, flux density, magneto motive force, current, torque, speed, efficiency and power were examined. Parameters were predicted by analytical calculations and verified by FE analyses for different load conditions. In full load, the power is calculated 371,7 W in analytical predictions and analyzed 414 W in FEA. Analytical solutions were made in linearity. FEA solutions were taken into consideration non-linearity and BH curve of the material. Thus the difference is in acceptable limits.
This ID-BLDC motor is an original study. It is proposed for a new ECS drum design to improve separation efficiency. 
